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Abstract
The study compared the effects of regional hypoxia and acidosis on Rb uptake and energetics in isolated pig hearts
perfused by the Langendorff method. The left anterior descending artery (LAD) was cannulated and the LAD bed was
perfused with the same specific flow as the whole heart. Following equilibration with normal Krebs^Henseleit buffer (KHB,
pO2 568 mm Hg, pH 7.42) the perfusate was switched to one that contained Rb (Rb-KHB). Simultaneously, perfusion
through the LAD was carried out with hypoxic (pO2 = 31 mm Hg), an acidemic (pH 7.12) or normal (pO2 = 550 mm Hg) Rb-
KHB for 120 min. 87Rb images of the entire heart or localized 31P spectra from the left ventricular anterior wall were
acquired. Hypoxia decreased the maximal 87Rb image intensity and Rb flux in the anterior wall to 79 þ 9% and 85 þ 7%,
respectively, of that in the posterior wall. Extracellular acidosis did not affect 87Rb image intensity and reduced Rb flux
(83 þ 10%). During hypoxia phosphocreatine and ATP decreased to 36 þ 10 and 50 þ 15% of baseline, respectively and
intracellular pH (pHi) decreased to 6.90 þ 0.05. Extracellular acidosis did not affect the phosphocreatine or ATP levels but
reduced pHi (7.06 þ 0.18 vs. 7.26 þ 0.06 in control). We suggest that intracellular acidosis plays a role in the inhibition of Rb
uptake during hypoxia. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Rubidium ion (Rb) is the closest potassium con-
gener and has similar biochemical properties regard-
ing its transport in cardiac and other tissues [1^9].
Chronic in vivo experiments in rats did not reveal
any toxic e¡ects when Rb replaced up to 30% of
body K [9]. Rb contains two natural isotopes, 87Rb
(28%) and 85Rb (72%), both of which are nuclear
magnetic resonance (NMR)-sensitive; 87Rb has an
absolute sensitivity six times greater than 85Rb and
100 times higher than 39K. For these reasons Rb
and 87Rb NMR have been used to trace K £uxes
and distribution in the myocardium under normal
and pathological conditions [2^8]. We have used
three-dimensional 87Rb imaging to show that Rb
content and its uptake rate are reduced in the ische-
mic zone formed by complete or partial occlusion of
the left anterior descending artery (LAD) of isolated
pig hearts [7,10]. The decrease in rate of Rb uptake
by ischemic tissue could be due to a reduction of
Rb supply to the ischemic area and to inhibition
of K transport into cells via the Na/K ATPase
as a result of energy deprivation and acidosis.
The Na/K ATPase maintains oppositely di-
rected gradients of Na and K across the sarcolem-
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ma of myocytes utilizing energy of ATP hydrolysis
[11]. These gradients are necessary for normal heart
excitability and maintenance of Ca2 and H ho-
meostasis [11]. Energy deprivation results in dissipa-
tion of the Na and K gradients due to inhibition
of the Na/K ATPase. Ischemia, hypoxia (without
glucose) and metabolic inhibition, which are associ-
ated with varying degrees of energy de¢cit and acido-
sis, have been shown to result in depressed Na/K
ATPase activity [6,8,12^14]. However, Rau et al. [15]
by measuring 42K uptake and washout have demon-
strated that hypoxia in the presence of glucose did
not a¡ect Na/K ATPase activity in the rabbit sep-
tum. Furthermore, uptake of the K congener thal-
lium-201 (201Tl) was either not sensitive to [16,17] or
slightly inhibited by [18,19] hypoxia depending on
experimental conditions. It is di⁄cult to compare
many of the above-cited studies due to lack of data
on the energetic state of the myocardium [14^19] and
the use of di¡erent models and experimental condi-
tions.
The role of intracellular acidosis in the inhibition
of Na/K ATPase activity is not clear. Although it
has been shown that acidic pH inhibits activity of
the isolated enzyme [20], early studies on the e¡ects
of acidosis on rabbit atrial muscle [21] and septum
[22] did not show any inhibition of Na/K ATP-
ase. However, 201Tl extraction was slightly reduced
in isolated rat hearts [23] and dog hearts in vivo
[18].
To assess the roles of energetics and pH in regu-
lating K uptake we cannulated the LAD to control
the composition of the perfusate (hypoxic, acidemic
or normal) £owing into the LAD bed under normal
£ow conditions. The separate e¡ects of regional hyp-
oxia and acidosis were studied using three-dimen-
sional 87Rb MR imaging and localized 31P MR spec-
troscopy. 87Rb MR imaging was used to monitor
Rb uptake kinetics in the a¡ected (anterior wall)
and the normal (una¡ected posterior wall) myocar-
dium simultaneously. The latter served as an internal
control. In addition, 31P NMR spectroscopy pro-
vided information on phosphate metabolites, such
as phosphocreatine (PCr), ATP and inorganic phos-
phate (Pi), which allowed assessment of the energy
status of the a¡ected myocardium. Regional hypoxia
moderately decreased the absolute value of free en-
ergy of ATP hydrolysis (vG(ATP)), equilibrium Rb
content and rate of its uptake. Regional acidosis had
no e¡ect on energetics but reduced the rate of Rb
uptake. We conclude that inhibition of Rb uptake
during hypoxia results from acidosis and is less af-
fected by reduced vG(ATP).
2. Materials and methods
The animals were treated in accordance with the
‘Guide to the Care and Use of Experimental Ani-
mals’ published by the Canadian Council on Animal
Care (2nd edn., Ottawa, ON, 1993).
2.1. Surgical procedure
Domestic pigs weighing 25^35 kg (n = 28) were ob-
tained from a local supplier. The hearts were isolated
under general anesthesia and perfused by the Lan-
gendor¡ technique as previously described [24]. A
catheter was placed in the coronary sinus to collect
venous e¥uent samples. A cannula (V2 mm i.d.)
connected to a three-way stopcock through a piece
of silicon tubing was ¢lled with saline and then in-
serted through the incision into the LAD ca. 10 mm
below the circum£ex artery and secured in place. The
depth of penetration of the cannula into the artery
was minimal (typically V2 mm), to avoid obstruc-
tion of small branches arising from the LAD.
2.2. Heart perfusion
The hearts (150^200 g) were perfused by the
Langendor¡ method in the recirculation mode (V3 l
circulation volume) with standard Krebs^Henseleit
bu¡er (KHB, 36‡C) containing (in mM): NaHCO3
(25), NaCl (118), KCl (3.5), KH2PO4 (1.2), CaCl2
(1.75), MgSO4 (1.2), EDTA-2Na (0.5), glucose (11.0)
and 6 g/l albumin. The bu¡er was aerated in a
membrane oxygenator (Cobe, Japan) with a 95%
O2/5% CO2 gas mixture. In the Rb-containing
bu¡er (Rb-KHB) KCl was replaced with 4.7 mM
RbCl and KH2PO4 with NaH2PO4 (1.2 mM). A
constant £ow of V3 ml/min/g wet wt was used. The
LAD cannula was connected to a branch of the
perfusion line ¢lled with perfusate and equipped with
a bubble trap and £owmeter probe (Transonic
Systems, Ithaca, NY, USA). This branch was
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connected to a BSD Advanced Heat Exchanger
(Sorin Biomedical, CA, USA), which served as a
bubble trap for the major (aortic) perfusion line and
as an additional heat exchanger. At the beginning of
perfusion the LAD line was fully open providing
adequate £ow (100^130 ml/min) through the LAD
bed. To induce regional hypoxia or acidosis the
second branch with an additional oxygenator
(Capiox 308, Terumo, Japan) was added to the LAD
line and a gas mixture containing 95% N2/5% CO2
(hypoxia) or 95% O2/5% CO2+CO2 (respiratory
acidosis, pCO2 = 63.2 þ 5.4 mm Hg) was supplied to
the oxygenator. Prior to hypoxia or acidosis the
LAD bed was perfused with normal oxygenated
KHB (Table 1). Hypoxia was initiated by switching
perfusion to the second branch, which rendered
the arterial pO2 = 31 þ 11 mm Hg (Table 1) and
maintained normal pH (7.35^7.45). Similarly,
acidosis was initiated by switching LAD perfusion to
the second branch, which provided an arterial pH of
7.12 þ 0.03 (Table 1) and normal pO2 (500^600 mm
Hg). In control experiments perfusion continued with
oxygenated Rb-KHB.
Left ventricular (LV) systolic (LVSP) and end-dia-
stolic pressure (LVEDP), heart rate (HR), ¢rst deriv-
atives of LV pressure ( þ dP/dt) and perfusion pres-
sure were monitored. Perfusion pressure (60^80 mm
Hg) was measured through tubing connected to the
aortic line. Cardiac performance was determined
as a pressure^rate product (PRP = HRU(LVSP3
LVEDP)). The balloon volume was adjusted to bring
LVEDP to 0^5 mm Hg and LVSP to 70^90 mm Hg
at HR of 80^100 bpm.
Glucose, lactate, pO2, pCO2, pH, Na, K, Ca2,
Cl3 were measured in arterial and venous samples
of perfusate using a NOVA Biomedical analyzer
(Stat 9 Pro¢le). Lactate dehydrogenase activity was
measured in the arterial samples using Sigma kit
DG/340-K. In the control and acidemic groups the
average oxygen consumption rate, V(O2), was calcu-
lated as the product of the arterio-venous di¡erence
in pO2 and the total £ow rate divided by heart mass.
In the hypoxic group the following formula was
used: V(O2) = K[pO2a(Total £ow3LAD £ow)3
pO2v(Total £ow)]/heart mass. pO2a and pO2v are
the aortic and venous oxygen tensions, respectively,
and K is a factor used to convert mm Hg to Wmol.
The supply of oxygen through the LAD line was
ignored because it was about 1% of that supplied
through the aorta.
2.3. Experimental protocols
The hearts were divided into three groups. In all
groups Rb loading was initiated by switching per-
fusion to Rb-KHB 30 s before inducing hypoxia or
acidosis. In the ¢rst, hypoxic group (n = 10) regional
hypoxia was induced for 120 min by switching LAD
Table 1
Changes in LAD £ow and perfusate composition during regional hypoxia and acidosis
Condition/group n LAD £ow (ml/min) pO2a (mm Hg) pHa Lactate (mM) Lactate dehydrogenase (IU/g)
Baseline
Hypoxic 10 100 þ 12 564 þ 28 7.42 þ 0.03 0.48 þ 0.36 0.50 þ 0.25
Acidotic 9 111 þ 9 562 þ 19 7.40 þ 0.02 0.19 þ 0.20 0.46 þ 0.29
Control 9 128 þ 9 578 þ 13 7.43 þ 0.05 0.43 þ 0.40 0.39 þ 0.16
Intervention
Hypoxic 10 106 þ 16 31 þ 11.3 7.35 þ 0.03 6.1 þ 1.3 1.17 þ 0.33
Acidotic 9 112 þ 7 562 þ 22 7.12 þ 0.03 0.74 þ 0.24 0.80 þ 0.44
Control 9 132 þ 10 550 þ 6 7.40 þ 0.03 0.90 þ 0.30 0.95 þ 0.15
Recovery
Hypoxic 10 108 þ 14 575 þ 28 7.38 þ 0.03 1.23 þ 0.64 1.09 þ 0.50
Acidotic 9 126 þ 10 522 þ 53 7.38 þ 0.04 0.59 þ 0.45 0.60 þ 0.22
Control 9 134 þ 10 487 þ 68 7.36 þ 0.04 1.07 þ 0.47 0.53 þ 0.33
Means þ S.D. are shown for 9^10 hearts in each group. The baseline values were measured prior to Rb addition and interventions.
Values for the periods of intervention (120-min perfusion with Rb-KHB) and recovery (120-min reperfusion with fresh Rb-KHB) were
measured at the end of each of these periods (115 min).
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perfusion to hypoxic bu¡er (pO2 = 31 þ 11 mm Hg,
Table 1) while the remainder of the heart was per-
fused with normoxic bu¡er. Reoxygenation was
started by switching the LAD line to normoxic
Rb-KHB (pO2 = 575 þ 28 mm Hg, Table 1). Pre-hy-
poxic, hypoxic and post-hypoxic LAD £ows were
nearly identical: 100^108 ml/min (Table 1;
2.7 þ 0.45 ml/min/g of the area at risk). Serial 87Rb
MR images of the entire heart (n = 6) or localized
31P NMR spectra (n = 4) from the ischemic area
were acquired continuously throughout the proto-
col. This allowed measurement of the kinetics of
Rb uptake in the anterior (hypoxic) and posterior
(normal) walls and monitoring of high-energy phos-
phates in the anterior wall during ischemia and re-
perfusion.
In the second, acidemic, group (n = 9) regional
acidosis was induced by switching LAD perfusion
to acidic Rb-KHB (pH 7.12 þ 0.03, Table 1) for
120 min, after which perfusion was returned to fresh
Rb-KHB at normal pH (see Table 1). Five hearts
were used for 87Rb MR imaging and four hearts
for 31P spectroscopy.
In the third, control, group (n = 9) perfusion
through the LAD bed did not change over the 120-
min intervention period, after which perfusion was
switched to fresh Rb-KHB. Four hearts were used
for 87Rb MR imaging and ¢ve hearts for 31P MR
spectroscopy.
At the end of each experiment, the LAD line was
closed, perfusion was stopped and the hearts were
stained with 60 ml of 0.25% Evans blue solution in
isotonic saline injected through the aorta to highlight
the area at risk, which remained unstained. Triphe-
nyltetrazolium chloride (TTC, 2%) was injected
through the LAD line to determine the presence of
any necrotic tissue [25]. An equatorial slice was taken
along the short axis, divided into eight pieces and
frozen (325‡C) for analysis of Rb content. Slices
from the top and bottom portions of the heart were
soaked in TTC solution for 20 min at room temper-
ature to ensure staining of no re£ow zones (if any
present). The tissue slices were photographed,
weighed and the areas unstained with Evans blue
were removed and weighed to determine the area at
risk as a percentage of the total LV ventricular mass.
The size of the infarct was determined as a percent-
age of the area at risk.
2.4. 87Rb MR imaging
Ungated images of isolated beating pig hearts
were acquired using a Bruker Avance spectrometer
interfaced to a Magnex 7T, 40-cm horizontal bore
magnet as described previously [26]. 87Rb spectro-
scopic images were acquired using a volume Helm-
holtz coil tuned to 98.2 MHz, applying 200-Ws hard
pulses (TR 18 ms) followed by phase-encoding gra-
dients (0.5 ms) and subsequent data acquisition (ac-
quisition time 1.6 ms, 32 data points). The ¢eld of
view was 16U16U16 cm3 ; matrix size, 16U16U8;
number of acquisitions, 8; time resolution, 5 min.
The nominal spatial resolution of 1U1 cm2 in the
short axis plane was enhanced by extrapolation to
a 64U64 matrix. The time courses of the intensities
of pixels from the anterior and posterior walls in
the short axis slices (numbers ¢ve to seven of eight,
numbered from the aorta to apex) were com-
pared and analyzed. A monoexponential function
was used to ¢t the Rb uptake kinetics:
y = y0+A1[13exp(3kt)], where k is the rate constant
(min31) of Rb uptake by myocytes. A1 is the max-
imal change of y (pool size), which was expressed as
a percentage of the full scale, y0+A1, and y0 is a
constant background. The relative Rb £ux (J),
which represents Rb in£ux into the cells, was cal-
culated as the product of k and A1.
2.5. 31P and 87Rb NMR spectroscopy
31P spectra were acquired using a 20 mm diameter
surface coil, tuned to 121.47 MHz, applying 80-Ws
pulses every 2 s. The coil was placed below the can-
nulation point at the mid-equatorial level, such that
the sensitive volume included the a¡ected area in the
mid-equatorial slice and adjacent areas. One hundred
and ¢fty acquisitions (5 min) were averaged (4096
data points), exponentially ¢ltered with a line-broad-
ening factor of 20 Hz and Fourier-transformed. 31P
spectra were ¢t using the All-Fit computer program
[27], which provided peak heights, widths, areas and
chemical shifts. Spectra were not corrected for satu-
ration, because the increase in repetition time from 2
to 6 s did not markedly change PCr to ATP ratio.
87Rb MR spectra of tissue samples were acquired
on a Bruker AM 360 spectrometer with a vertical
wide bore magnet as described previously [5,6].
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2.6. Estimation of changes in [ATP]/[ADP],
vG(ATP) and intracellular pH
Changes in the cytoplasmic [ATP] to [ADP] ratio
(Q) were calculated from the creatine kinase equilib-
rium [28] using the following formula:
Q  ATP=ADP=ATP=ADP0 
PCr=Cr=PCr=Cr0U10pH03pH 1
The baseline value for [PCr]/[Cr] was set at 1.0 [29].
The values for hypoxia and acidosis were calculated
using the relationship:
PCr=Cr  1003X=100 X 2
where X is a percentage of PCr decrease due to con-
version to Cr.
Changes in the free energy of ATP hydrolysis
(vvG(ATP)) were estimated using the formula:
vvGATP  2:3RTUlogQ logPi=Pi0 3
The subscript ‘0’ refers to the baseline parameters.
Intracellular pH (pHi) was estimated from the
chemical shift (N) of the Pi peak [30] relative to
that of the PCr peak using the Henderson^Hassel-
bach equation:
pH  pK23logN35:75=3:303N  4
where pK2 = 6.85 and 5.75s Ns 3.30.
2.7. Statistical analyses
The data are presented as mean þ S.D. A two-
tailed paired Student’s t-test was used for compari-
sons within the groups (anterior vs. posterior) and
one-factor analysis of variance was used for compar-
isons between the groups at a signi¢cance level of
95%.
Fig. 1. Representative 87Rb images of pig hearts in hypoxic, acidemic and control groups. Short axis images taken below the cannula-
tion point (slice 5) are shown. The upper panel shows one-dimensional density pro¢les of the images taken along the x-axis. The im-
ages correspond to the end of perfusion with hypoxic, acidemic or normal (control) Rb-KHB.
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3. Results
3.1. E¡ects of hypoxia and acidosis on Rb+ uptake
A decrease in pO2 from 564 þ 28 to 31 þ 11 mm Hg
(Table 1) of the perfusate feeding the LAD resulted
in a decreased Rb image intensity in the LV anterior
wall relative to that in the posterior wall (Fig. 1) in
all short axis slices below the cannulation point (nos.
5^7). Time courses for slice 5 are presented in Fig. 2
showing monoexponential kinetics for the increase in
Rb image intensities. Table 2 summarizes the rate
constants and £uxes for Rb uptake averaged over
slices 5^7. The maximum intensity of Rb images at
the end of the hypoxic period was 20% lower, the
rate constant did not change and the unidirectional
Rb £ux decreased by 15% relative to the posterior
wall. In addition, the rate constant and £ux were
lower than the values for the anterior wall of control
hearts (Table 2). Reperfusion with fresh oxygenated
Rb-KHB further increased the intensities of 87Rb
images in both walls 25^30% relative to the end-hy-
poxic levels, due to the increase in Rb to K ratio
Table 2
Rb uptake during regional hypoxia and acidosis in pig hearts
Group Parameter
Rb intensity (%) kU103 (min31) Flux (%/min)
An Pos An Pos An Pos
1. Hypoxic (n = 6) 79 þ 9 100 38.8 þ 6.1 40.4 þ 5.2 2.8 þ 0.75 3.3 þ 0.86
P, An vs. Pos 1034 NS 0.01
P, 1 vs. 3 5U10ÿ4 0.05 NS 0.02 NS
2. Acidotic (n = 5) 95 þ 4 100 43.6 þ 9.4 54.3 þ 5.7 3.45 þ 0.92 4.00 þ 0.87
P, An vs. Pos NS 0.03 0.02
P, 2 vs. 1 0.007 NS 0.01 NS NS
3. Control (n = 4) 101 þ 2 100 46.9 þ 3.7 48.7 þ 5.4 3.47 þ 0.54 3.79 þ 0.73
P, An vs. Pos NS NS NS
Means þ S.D. are given for four to six hearts in each group. The parameters are averages for three slices below the point of cannula-
tion (nos. 5^7) for each heart. In each slice (nos. 5^7) of every heart, the intensities were measured at the end of the 120-min Rb up-
take period (intervention) and normalized to the intensities of the posterior wall at the same time point. The rate constants of Rb
uptake (k) were obtained from monoexponential ¢ts of the time courses in slices 5^7 of each heart and averaged. The £uxes are the
products of k and the exchangeable Rb pool size, A1. An, anterior wall ; Pos, posterior wall.
Fig. 2. Kinetics of the increases in 87Rb image intensity in the
posterior and anterior walls of short axis slice 5 during hypoxia
and acidemia (A) and in control hearts (B). The left anterior
descending artery was cannulated and supplied either with hy-
poxic, acidemic or normal Rb-KHB at a normal £ow rate.
6
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in the perfusate. We have previously shown that re-
circulation of a limited volume (V3 l) of Rb-KHB
perfusate decreases the molar fraction of Rb
([Rb]/([Rb+[K])) from 100 to approx. 70% due
to the ca. 25-fold higher concentration of Rb in the
intracellular water of cardiac tissue [26]. However, in
the anterior wall 87Rb image intensity remained 20%
lower than that in the posterior wall (80 þ 5%), which
correlated well with the Rb content determined in
the tissue samples from these areas (37 þ 11 vs.
45 þ 10 Wmol/g wet mass, respectively; n = 10,
P = 0.02).
Regional acidosis produced by perfusing the LAD
with acidemic Rb-KHB (pH 7.12 þ 0.03, Table 1) did
not a¡ect equilibrium 87Rb image intensity deter-
mined at the end of acidemia (Figs. 1 and 2), de-
creased the rate constant of Rb uptake and unidi-
rectional Rb £ux by ca. 15^20% relative to the
values in the posterior wall (Table 2). However, there
were no di¡erences in these parameters between the
Fig. 3. Representative 31P NMR spectra from the LV anterior wall of hypoxic, acidemic and control hearts. The spectra are the sum
of 150 acquisitions collected over 5 min. The line-broadening factor is 20 Hz. Chemical shifts are given with reference to that of the
PCr peak, which is set at zero. PME, phosphomonoesters. Intervention: the end of 120-min perfusion with hypoxic, acidemic or nor-
mal Rb-KHB. Recovery: the end of 120-min reperfusion period with normal Rb-KHB. The increases in the PCr peak height seen in
the acidosis/recovery and control/intervention spectra were due mainly to a decrease in PCr linewidth without a signi¢cant change in
the peak area, which is a true measure of PCr content. The decrease in PCr peak height (15% relative to the baseline) in the control/
recovery spectrum re£ects an actual decrease in PCr content in this particular heart. However, the mean PCr value did not change
under these conditions (93 þ 22%, Table 3).
BBADIS 62071 18-12-01
V.V. Kupriyanov et al. / Biochimica et Biophysica Acta 1586 (2002) 57^70 63
acidemic and control groups, perhaps due to a larger
variability between the groups than within the
groups. Restoration of normal arterial pH (Table
1) by LAD reperfusion with fresh Rb-KHB for 120
min further increased Rb image intensities in both
walls by ca. 20%, which did not di¡er from each
other (98 þ 6 vs. 100% in the posterior wall). Again
this correlated well with equal contents of Rb in the
anterior and posterior walls, which were 35 þ 4.7 and
37 þ 4.6 Wmol/g wet mass, respectively (n = 9).
In the control hearts, in which the LAD bed was
perfused with normal Rb-KHB, the intensities of the
87Rb images, rate constants and £uxes in the LV
anterior and posterior walls were similar by the end
of the 120-min Rb perfusion (intervention) period
(Figs. 1 and 2B and Table 2). The Rb contents
determined in the anterior and posterior walls were
similar, 37.0 þ 3.9 vs. 40.7 þ 6.6 Wmol/g wet mass, re-
spectively (n = 4, NS).
3.2. Changes in energy metabolism and pHi
Judging from 31P NMR spectra, LAD perfusion
was su⁄cient (2.7 þ 0.45 vs. 2.9 þ 0.45 ml/min/g for
the entire heart) prior to the interventions to main-
tain normal energy metabolism. Representative spec-
tra for the three groups (Fig. 3) show high levels of
PCr and ATP and low level of Pi. PCr/ATP was
1.84 þ 0.15, which is in a good agreement with pre-
viously published biochemical data for pig hearts
[29,31] and PCr/Pi was 3.24 þ 0.56. Lactate produc-
tion was minimal, its basal concentration was 0.2^0.5
mM and 0.9 mM accumulated over the 120-min Rb
perfusion period in control hearts (Table 1), which
corresponds to a lactate production rate of 0.1 Wmol/
min/g. This rate contributes only 1.7% of the total
ATP production at the end of 120-min perfusion
with Rb estimated from the oxygen consumption
rate ( = 6V(O2), see Section 3.3).
Regional hypoxia caused a rapid decline in the
PCr level during the ¢rst 15 min (not shown), which
then stabilized at 30^40% of its baseline and control
levels (Fig. 3 and Table 3). ATP decreased during the
¢rst 50 min to 50% (vs. 93% in the control) of base-
line and remained at this level to the end of hypoxia
while Pi increased to 150^170% of its baseline value
(Fig. 3 and Table 3). Total NMR-visible phosphorus
decreased by 24% (Table 3). pHi decreased by 0.38
Table 3
Changes in phosphate metabolites and pHi in the anterior wall of pig hearts during regional hypoxia and acidosis
Group PCr ATP Pi gP pHi
Intervention
1. Hypoxic (n = 4) 36 þ 10 50 þ 15 159 þ 45 76 þ 14 6.90 þ 0.05
2. Acidotic (n = 4) 94 þ 13 86 þ 11 79 þ 22 85 þ 8 7.06 þ 0.11
P vs. 1 0.001 0.01 NS NS NS
3. Control (n = 5) 99 þ 11 92 þ 9 86 þ 14 92 þ 6 7.26 þ 0.06
P vs. 1 0.001 0.003 NS 0.02 0.001
P vs. 2 NS NS NS NS 0.005
Recovery
4. Hypoxic 130 þ 4 60 þ 8 53 þ 27 78 þ 5 7.20 þ 0.10
P vs. baseline 1035 3U1035 0.01 0.001 0.01
5. Acidotic 99 þ 16 76 þ 8 76 þ 39 80 þ 10 7.15 þ 0.14
P vs. 4 0.01 0.02 NS NS NS
P vs. baseline NS 0.001 NS 0.001 NS
6. Control 93 þ 22 84 þ 11 89 þ 29 84 þ 11 7.23 þ 0.05
P vs. 4 0.03 0.01 NS NS NS
P vs. 5 NS NS NS NS 0.05
P vs. baseline NS 0.01 NS 0.01 0.02
Means þ S.D. are given for four to ¢ve hearts in each group. The phosphate metabolites are expressed as percentages of the pre-ische-
mic values (baseline). gP is the content of total NMR-visible phosphorus, which is the sum of the areas of the PCr, Q,K,L-ATP, Pi
and phosphomonoester peaks. The baseline pH in the absence of Rb was 6.96 þ 0.07. The parameters correspond to the end of inter-
vention and recovery periods. Intervention: 120-min perfusion with hypoxic, acidotic or normal (control) Rb-KHB. Recovery: 120-
min reperfusion with fresh normal Rb-KHB bu¡er.
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pH units relative to the control under normoxic con-
ditions (Table 3). Note that replacement of K with
Rb caused alkalinization of the intracellular me-
dium (pH 7.26 þ 0.06) by ca. 0.3 pH units vs. the
baseline. The lactate level reached 6 mM over the
2-h hypoxic period, which corresponds to a lactate
production rate of 0.75 Wmol/min/g averaged for the
entire heart. However, the area at risk is mainly re-
sponsible for lactate production. Therefore, the rate
of lactate production estimated for the area at risk
(V40 g of the total 200-g heart mass) is 3.75 Wmol/
min/g. Reperfusion with oxygenated Rb-KHB led to
recovery of the PCr level to values well above the
baseline or control (PCr overshoot), while the ATP
level remained unchanged (relative to hypoxia) and
Pi and gP decreased (Table 3).
Regional acidosis caused no signi¢cant change in
the levels of PCr, ATP, Pi or gP relative to control
(Table 3). Intracellular pH decreased to 7.06, which
is signi¢cantly lower than in the control group (7.26,
Table 3). Reperfusion with normal Rb-KHB did not
signi¢cantly a¡ect the levels of phosphates observed
at the end of acidemia, furthermore these levels did
not di¡er from those of the control hearts by the end
of reperfusion (Table 3). Intracellular pH recovered
to the level of the control group. Lactate production
and lactate dehydrogenase release were low and did
not di¡er from controls (Table 1).
3.3. Changes in global mechanical function and
oxygen uptake
By the end of hypoxia and acidemia cardiac per-
formance (PRP; baseline = 5600^6400 mm Hg/min)
decreased signi¢cantly (56 þ 11 and 61 þ 5% of base-
line) relative to control values (74 þ 8% of baseline).
Oxygen consumption (V(O2)baseline = 1.18^1.30
Wmol/min/g) decreased to levels (61 þ 13 and
88 þ 11% of baseline) that were not statistically sig-
ni¢cantly di¡erent from control (76 þ 9% of base-
line). The estimated rate of aerobic ATP synthesis
in control hearts at the end of 120-min Rb uptake
period was ca. 6 Wmol/min/g ( = 1.3 Wmol/min/
gU6U76/100%). HR did not di¡er from the baseline
in either group by the end of the intervention period
and the mean values were in the range of 74^87 bpm.
Similarly, the end-diastolic pressure remained un-
changed in all groups and the mean values were in
the range of 6.3^7.7 mm Hg. During the recovery
period PRP and V(O2) increased in hypoxic hearts
(74 þ 15 and 85 þ 13% of baseline) relative to end-
hypoxic periods. In the acidemic and control groups
these parameters did not change. Again, the heart
rate and LVEDP did not di¡er from the values ob-
served at the end of the intervention period in any of
the groups. Some decreases in PRP and V(O2) ob-
served in control group can be explained by mechan-
ical and metabolic instability over the 5-h perfusion
period and by the e¡ect of Rb on contractile func-
tion.
3.4. Areas at risk and infarct size
Staining with Evans blue at the end of the experi-
ments demarcated the areas perfused through the
LAD cannula. The areas were similar in the hypoxic,
acidemic and control groups and comprised 36 þ 4,
37 þ 3 and 40 þ 5% of the LV mass, respectively.
Staining with TTC revealed very small necrotic areas,
which represented 2.6 þ 2.9, 1.9 þ 1.5 and 1.4 þ 2.2%
of the a¡ected area in the hypoxic, acidemic and
control groups, respectively. The necrosis was ob-
served only at the level of the LAD cannula and
was absent in four of 10, three of nine and ¢ve of
eight hearts in the hypoxic, acidemic and control
groups, respectively. The most probable cause was
a cannulation artifact, which resulted in obstruction
of some small arteries and in formation of small in-
farctions. Hypoxia and acidemia per se did not cause
any irreversible damage, which is consistent with the
31P NMR and Rb uptake data.
4. Discussion
We have shown in this study that regional hypoxia
in pig hearts results in a moderate inhibition of up-
take rate of Rb and reduces its equilibrium level in
the a¡ected area (anterior wall), which was associ-
ated with decrease in cytoplasmic vG(ATP), increase
in Pi and acidosis. Extracellular acidosis produced by
hypercapnia caused similar inhibition of Rb in£ux
and did not in£uence its equilibrium level while
vG(ATP) and Pi were not changed. Below, we dis-
cuss possible roles of ionic and metabolic factors that
control Rb uptake during hypoxia and acidosis.
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4.1. Methodological consideration
87Rb MR signal from cardiac tissue contains con-
tributions from the intracellular space of cardiomyo-
cytes, vascular smooth muscle and endothelial cells,
¢broblasts and from the extracellular space. Cyto-
plasmic volumes of cardiomyocytes are much larger
than those of other cells, which, therefore, may be
excluded from consideration. Under equilibrium, in-
tracellular Rb concentration is V25 times higher
than that in the extracellular space [5,27]. This means
that extracellular Rb content is only 4% of the to-
tal, implying equal intra- and extracellular spaces in
crystalloid-perfused hearts [24,32]. Furthermore, we
have shown that Rb equilibration in the extracellular
space is much faster (kv0.5 min31) than that in the
intracellular space (k = 0.06 min31) [5]. Therefore
after 5 min loading (kt = 2.5, 92% equilibration) the
amount of Rb in the extracellular space is constant
and represents background.
In general, the intensity of 87Rb images is propor-
tional to the Rb content in the tissue, transverse
relaxation time (T2), and its NMR visibility factor.
T2 values for 87Rb are very short in cardiac tissue
(T*2slowV1 and T*2fast = 0.24 ms), which is repre-
sented mostly by intracellular Rb [7]. For this rea-
son only one third of the intracellular signal is col-
lected due to losses during gradient application (0.5
ms) [7]. T2 for the extracellular Rb was estimated
to be 2.1 ms [2], which translates into less signi¢cant
loss of the signal (22%). Therefore the contribution
of the extracellular Rb signal is estimated to be
about 9% of the total equilibrium signal, and it is
constant after 5 min of Rb loading. We have
shown that severe ischemia, which decreases pHi
to 6.4 and results in irreversible tissue damage (in-
farct) upon reperfusion, does not change T*2slow and
slightly increases T*2fast by 12% [33]. We estimate
that this increase could lead only to a slight increase
in 87Rb signal intensity of 6%. Under conditions of
hypoxia and acidosis changes in T2 should be less
signi¢cant because pHi was 6.9^7.0 and tissue re-
mained viable. NMR visibility in cardiac tissue is
high: it is 87 and 95% in rat hearts [4,5] and can
be estimated at 88% in normal pig hearts [33]. Severe
ischemia that resulted in irreversible tissue damage
increased Rb visibility (corrected for T2 e¡ect) by
14%, which was attributed to the in£uence of pro-
found energy deprivation (ATP V30% of the base-
line) and acidosis (pHi 6.4) [7,33]. In case of hypoxia
ATP (50%) and pH (6.9) decreased less signi¢cantly,
which implies a less signi¢cant increase in the visi-
bility (if any). In the worst case, hypoxic Rb con-
tents could be overestimated by 14% and, therefore,
an inhibitory e¡ect of hypoxia on Rb uptake could
be underestimated. However, it does not cancel in-
hibition of Rb uptake by hypoxia and does not
change the major conclusions derived from this ob-
servation.
Although Rb ion is considered to have biochemi-
cal properties very similar to K, at high levels of
K substitution (V70%) used in this study Rb pro-
duced an unexpected e¡ect. Replacement of intracel-
lular K with Rb resulted in marked alkalinization
of the intracellular medium (pHi 7.26 vs. 6.95^7.15 in
K medium). The mechanism of this phenomenon is
unknown. In a normal heart, the intracellular pH
balance is maintained by H supply through the in-
tracellular metabolic generation and a passive in£ux
from the interstitium and by its removal with the
Na/H and Cl3/HCO33 exchangers into the inter-
stitium. Firstly, some decrease in cardiac work and
oxygen consumption rate (V25%) in the presence of
Rb (control) should reduce metabolic H produc-
tion. Secondly, we cannot exclude that Rb could
activate the Na/H exchanger through a decrease
in the intracellular Na (via the Na/K ATPase).
The pH shift should not a¡ect response of ion trans-
port and energetics to hypoxia and hypercapnia.
However, the magnitude of the e¡ects may be some-
what di¡erent in the absence of Rb.
4.2. Factors determining the rate of cellular uptake of
Rb+
In general, the rate of Rb uptake depends on the
molar fraction of Rb in the interstitial space, the
intracellular Na concentration ([Na]i) and the ap-
parent maximal rate of Na/K ATPase (a function
of ATP, ADP, Pi and pH).
4.2.1. Interstitial molar fraction of Rb+
The molar fraction of Rb is a function of supply
of Rb by coronary £ow and the rate of K e¥ux
from the intracellular space, which is equal to the
rate of Rb uptake under steady-state conditions.
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In our experiments, the rate of supply of Rb into
the LAD bed (13 Wmol/min/g = 4.7 mmol/mlU2.7 ml/
min/g) exceeded the initial rate of Rb uptake con-
siderably (2 Wmol/min/g = 0.05 min31U40 Wmol/g).
In other words, at the beginning of Rb loading
15% (2/13) of Rb that is available is extracted and
replaced by K, thus decreasing the Rb molar frac-
tion to 85%. However, during hypoxia K e¥ux in-
creases and exceeds the rate of Rb uptake due to
activation of the KATP channels [6,34]. Indeed, the
decrease in the equilibrium content of Rb observed
in the hypoxic anterior wall is consistent with loss of
intracellular K due to activation of its e¥ux. Acti-
vation of K e¥ux would decrease the Rb fraction
somewhat and slightly inhibit Rb uptake. In con-
trast, the acidosis did not a¡ect equilibrium Rb/K
levels and decreased Rb in£ux rate, indicating that
the in£ux and the e¥ux decreased equally. Therefore,
interstitial Rb to K ratio should be the same as in
the control and cannot be responsible for the inhibi-
tion of Rb in£ux.
4.2.2. Intracellular Na
Intracellular Na is an important regulator of the
Rb/K uptake rate [5,11,35]. Therefore changes in
the rate of passive Na entry into the myocytes
through Na channels, the Na/H exchanger and
the Na/K/2Cl3 cotransporter could a¡ect Rb up-
take due to a decrease or an increase in steady-state
[Na]i. It is known that an increase in heart rate
results in an increase in intracellular Na [36] and
the rate of 42K e¥ux [37]. Furthermore, we have
shown that in rat hearts the rate of Rb exchange
is depressed when the activity of Na channels is
inhibited pharmacologically [5] or by a decrease in
heart rate [38]. However, inhibition of other passive
Na entry systems only slightly inhibited Rb up-
take (10^15%) and hence the Na in£ux under nor-
mal conditions [5]. Heart rate is not important in the
model of regional hypoxia and acidosis. Hypoxic
acidosis (pHi 6.9) and acidosis alone (pHi 7.06 vs.
7.26 in control) could inhibit the Na channels some-
what. It has been shown that acidosis decreases Na
conductance in dog Purkinje ¢bers [39]. In addition,
Na entry could be inhibited by the decrease in driv-
ing force for Na caused by depolarization of the
resting membrane potential due to K loss caused
by hypoxia [40]. Thus, inhibition of Na entry
through the Na channels by a shift to acidic pH
can be partly responsible for moderate inhibition of
the rate of Rb uptake during both hypoxia and
acidosis.
Because of the Na dependence, steady-state ion
£uxes catalyzed by Na/K ATPase are not very
sensitive to moderate inhibition of this enzyme. In-
deed, the initial transient decrease in the rate of re-
moval of Na from the cytoplasm is then compen-
sated by the enzyme activation by increased [Na]i if
passive Na in£ux remains constant [11,35]. How-
ever, if [Na]i increase inhibits Na entry due to a
decrease in Na gradient, then some decrease in
Rb/K in£ux through the Na/K ATPase might
be observed.
4.2.3. Energetics and pH
A moderate decrease in the cytoplasmic [ATP]/
[ADP] (V50%) and in the absolute value of
vG(ATP) (3 kJ/mol) as well as a moderate increase
in Pi (V60%) during hypoxia were due to tremen-
dous activation of glycolysis in the hypoxic area. In-
deed, the estimated value of anaerobic ATP produc-
tion was 3.8 Wmol/min/g, i.e., about 60% of an
aerobic ATP production (6V(O2)) in control hearts
(V6 Wmol/min/g, see Section 3) at the end of 2 h
perfusion with Rb. In rat hearts a more signi¢cant
energy deprivation induced by 1 mM cyanide
(vvG(ATP)V7 kJ/mol, 2.5-fold Pi increase) doubled
[Na]i and inhibited Rb uptake by 30% [6]. How-
ever, treatment with 2-deoxyglucose in the presence
of pyruvate, which resulted in a more signi¢cant de-
crease in absolute value of vG(ATP) (by 8.9 kJ/mol)
in the absence of Pi increase and acidosis, did not
inhibit the Na/K ATPase activity, assessed by Rb
uptake and [Na]i measurements [41]. These obser-
vations clearly indicate that the Na/K ATPase ac-
tivity is not sensitive to moderate changes in bulk
vG(ATP) and [ATP]/[ADP]. Most probably, in-
creased Pi and acidosis are the major inhibitory fac-
tors. It is worth noting that Na/K ATPase isolated
from kidney has a pH maximum around 8.0 in the
presence of 5 mM Pi [20]. In the present experiments
the hypoxic energy deprivation was less severe and
a¡ected Rb uptake by the Na/K ATPase through
pHi decrease and Pi increase. Indeed, acidosis alone
inhibited Rb in£ux to a similar degree as was ob-
served during hypoxia (see Table 2), which caused
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comparable acidi¢cation of the intracellular medium
(Table 3).
It should be noted that the bulk values of
vG(ATP) and [ATP]/[ADP] may di¡er from their
local values in the vicinity of the nucleotide binding
site of the Na/K ATPase. This can be due to its
functional coupling to glycolysis [42] and/or creatine
kinase [43], which supply ATP and remove ADP
locally. Furthermore, regulation of the Na/K
ATPase can be rather kinetic (product inhibition by
ADP, Pi and H) than thermodynamic.
4.3. E¡ects of hypoxia and acidemia on
K+ and Tl+ uptake
In early studies K uptake by cardiac cells and
tissue was measured using radioisotopes such as
42K [15,22,37,44] and 201Tl [16^19,23], which is a
partial analog of K [45]. In perfused rabbit septum
hypoxia in the presence of glucose did not a¡ect 42K
uptake at 28‡C [15]. In isolated chicken myocytes
42K uptake was not inhibited by 1 mM cyanide
[44]. Extraction of 201Tl determined from ¢rst-pass
kinetics was not sensitive to hypoxia in glucose-per-
fused rabbit hearts under normothermic conditions
[16,17]. In contrast, 201Tl uptake was moderately in-
hibited by hypoxia (12^15%) in canine hearts in vivo
[18] and isolated chicken myocytes [19]. In these
studies the e¡ects of hypoxia and metabolic inhibi-
tion could depend on the experimental model and
other uncontrolled factors, such as the energy state
and intracellular pH in tissue and cells during inter-
vention. In the current study changes in energetics
and pHi associated with hypoxia were well de¢ned.
Furthermore, our model involves cannulation of the
LAD, which allows simultaneous measurements of
Rb uptake in the a¡ected (anterior wall) and nor-
mal (posterior wall) areas of the same heart, render-
ing the measurements more accurate.
Respiratory acidosis did not a¡ect Na/K ATP-
ase activity in rabbit septum measured by 22Na e¥ux
at 28‡C [22]. In contrast, acidosis slightly reduced
201Tl extraction in dog hearts in vivo [18] and in
isolated rat hearts [23]. Metabolic acidosis increased
net K e¥ux in the rabbit atrial muscle, which was
explained either by an increase in passive K perme-
ability or by inhibition of Na/K ATPase [21].
These data show that acidemia may produce a mod-
erate inhibition of K uptake in cardiac muscle and
our data support this possibility.
In conclusion, analysis of the inhibitory e¡ects of
hypoxia and acidemia indicates that acidosis can be a
common factor responsible for the moderate inhibi-
tion of Rb uptake observed in this study. Acidosis
in combination with increased Pi can be an impor-
tant factor that inhibits the Na/K ATPase during
hypoxia and ischemia.
References
[1] L.A. Beauge, O. Ortiz, Rubidium, sodium and ouabain in-
teractions on the in£ux of rubidium in rat red blood cells,
J. Physiol. 210 (1970) 519^532.
[2] J.L. Allis, Z.H. Endre, G.K. Radda, 87Rb, 23Na and 31P
nuclear magnetic resonance spectroscopy of the perfused
rat kidney, Renal Physiol. Biochem. 12 (1989) 171^180.
[3] J.L. Allis, C.D. Snaith, A.M.L. Seymour, G.K. Radda, 87Rb
NMR studies of the perfused rat heart, FEBS Lett. 242
(1989) 215^217.
[4] H.R. Cross, G.K. Radda, K. Clarke, The role of Na/K
ATPase activity during low £ow ischemia in preventing my-
ocardial injury: a 31P, 23Na and 87Rb NMR spectroscopic
study, Magn. Reson. Med. 34 (1995) 673^685.
[5] V.V. Kupriyanov, L.C. Stewart, B. Xiang, J. Kwak, R. De-
slauriers, Pathways of Rb in£ux and their relation to intra-
cellular [Na] in the perfused rat heart. A 87Rb and 23Na
NMR study, Circ. Res. 76 (1995) 839^851.
[6] V.V. Kupriyanov, L. Yang, R. Deslauriers, Cytoplasmic
phosphates in Na-K balance in KCN-poisoned rat heart:
a 87Rb-, 23Na- and 31P-NMR study, Am. J. Physiol. 270
(1996) H1303^H1311.
[7] V.V. Kupriyanov, J. Shen, B. Xiang, B. Kuzio, J. Sun, R.
Deslauriers, Three-dimensional 87Rb imaging of isolated pig
hearts: e¡ects of regional ischemia, Magn. Reson. Med. 40
(1998) 175^179.
[8] V.V. Kupriyanov, B. Xiang, B. Kuzio, R. Deslauriers, The
e¡ects of low-£ow ischemia on K £uxes in isolated rat
hearts assessed by 87Rb NMR, J. Mol. Cell. Cardiol. 31
(1999) 817^826.
[9] H.L. Meltzer, R.R. Fieve, Rubidium in psychiatry and med-
icine. An overview, in: Current Developments in Psycho-
pharmacology, Vol. 1, Spectrum, New York, 1975, pp.
205^242.
[10] V.V. Kupriyanov, B. Xiang, J. Sun, O. Jilkina, G. Dai, R.
Deslauriers, E¡ects of regional £ow and energetics on Rb
uptake and injury in isolated pig hearts: 87Rb imaging and
31P spectroscopic studies (Abstract), Proc. Int. Soc. Magn.
Reson. Med. 9 (2001) 1911.
[11] D.A. Eisner, T.W. Smith, The Na/K pump and its e¡ec-
tors in cardiac muscle, in: H.A. Fozzard, H. Haber, R.B.
Jennings, A.M. Katz, H.E. Morgan (Eds.), The Heart and
BBADIS 62071 18-12-01
V.V. Kupriyanov et al. / Biochimica et Biophysica Acta 1586 (2002) 57^7068
Cardiovascular System, 2nd edn., Vol. 1, Raven Press, New
York, 1992, pp. 863^902.
[12] J.W.T. Fiolet, A. Baartsheer, G.A. Schumacher, R. Coronel,
H.P. ter Welle, The changes in the free energy of ATP hy-
drolysis during global ischemia and anoxia in the rat heart,
J. Mol. Cell. Cardiol. 16 (1984) 1023^1036.
[13] P.M. Greenwald, C. Brosnahan, Sodium imbalance as a
cause of calcium overload in post-hypoxic reoxygenation in-
jury, J. Mol. Cell. Cardiol. 19 (1987) 487^495.
[14] K.T. MacLeod, E¡ects of hypoxia and metabolic inhibition
on the intracellular sodium activity in mammalian ventricu-
lar muscle, J. Physiol. 416 (1989) 455^468.
[15] E.E. Rau, K.I. Shine, G.A. Langer, Potassium exchange and
mechanical performance in anoxic mammalian myocardium,
Am. J. Physiol. 232 (1977) H85^H94.
[16] J.A. Leppo, P.B. Macneil, F.W. Moring, C.S. Apstein, Sep-
arate e¡ects of ischemia, hypoxia, and contractility on thal-
lium-201 kinetics in rabbit myocardium, J. Nucl. Med. 27
(1986) 66^74.
[17] J.A. Leppo, Myocardial uptake of thallium and rubidium
during alterations in perfusion and oxygenation in isolated
rabbit hearts, J. Nucl. Med. 28 (1987) 878^885.
[18] F.W. Weich, H.W. Strauss, B. Pitt, The extraction of thal-
lium-201 by the myocardium, Circulation 56 (1977) 188^191.
[19] B.J. Friedman, R. Biehn, J.P. Friedman, The e¡ect of hyp-
oxia on thallium kinetics in cultured chick myocardial cells,
J. Nucl. Med. 28 (1987) 1453^1460.
[20] W.-H. Huang, A. Askari, Regulation of (Na+K)-ATPase
by inorganic phosphate: pH dependence and physiological
implications, Biochem. Biophys. Res. Commun. 123 (1984)
438^443.
[21] R.B. Skinner, D.L. Kunze, Changes in extracellular potassi-
um activity in response to decreased pH in rabbit atrial
muscle, Circ. Res. 39 (1976) 678^683.
[22] P.A. Poole-Wilson, G. Langer, E¡ects pH on ionic exchange
and function in rat and rabbit myocardium, Am. J. Physiol.
229 (1975) 570^581.
[23] A.J. McGoron, M.C. Gerson, D.S. Biniakiewicz, N.J. Ros-
zell, L.C. Washburn, R.W. Millard, Extraction of techneti-
um-99m Q12, technetium-99m sestamibi, and thallium-201 in
isolated rat heart during coronary acidemia, Eur. J. Nucl.
Med. 24 (1997) 1479^1486.
[24] V.V. Kupriyanov, B. Xiang, K.W. Butler, M. St-Jean, R.
Deslauriers, Energy metabolism, intracellular Na and con-
tractile function in isolated pig and rat hearts during cardi-
oplegic ischemia and reperfusion: 23Na- and 31P-NMR stud-
ies, Basic Res. Cardiol. 90 (1995) 220^233.
[25] M.C. Fishbein, S. Meerbaum, J. Rit, U. Lando, K. Kanmat-
suse, J.C. Mercier, E. Corday, W. Ganz, Early phase acute
myocardial infarct size quanti¢cation: validation of triphen-
yl tetrazolium chloride tissue enzyme staining technique,
Am. Heart J. 101 (1981) 1047^1055.
[26] V.V. Kupriyanov, B. Xiang, J. Sun, G. Dai, O. Jilkina, V.
Dao, R. Deslauriers, Three-dimensional 87Rb NMR imaging
and spectroscopy of K £uxes in normal and post-ischemic
pig hearts, Magn. Reson. Med. 44 (2000) 83^91.
[27] R.L. Somorjai, R. Morrow, R. Deslauriers, Quanti¢cation
of in vivo NMR spectra: a robust, interactive approach
(Abstract), Proceedings of the 10th Meeting of the Society
for Magnetic Resonance Medicine, 1991, p. 1219.
[28] J.W.R. Lawson, R.L. Veech, E¡ects of pH and free Mg2 on
the Keq of the creatine kinase and other phosphate transfer
reactions, J. Biol. Chem. 254 (1979) 6528^6537.
[29] V.V. Kupriyanov, M. St-Jean, B. Xiang, K.W. Butler, R.
Deslauriers, Contractile dysfunction caused by normother-
mic ischemia and KCl arrest in the isolated pig heart: a
31P NMR study, J. Mol. Cell. Cardiol. 27 (1995) 1715^1730.
[30] R.B. Moon, J.H. Richards, Determination of intracellular
pH by 31P magnetic resonance, J. Biol. Chem 260 (1973)
7276^7278.
[31] A.J. Liedtke, H.C. Hughes, J.R. Neely, E¡ects of excess
glucose and insulin on glycolytic metabolism during exper-
imental myocardial ischemia, Am. J. Cardiol. 38 (1976) 17^
27.
[32] R. Bunger, S. Soboll, Cytosolic adenylates and adenosine
release in perfused working heart, Eur. J. Biochem. 159
(1986) 203^213.
[33] V.V. Kupriyanov, B. Xiang, J. Sun, O. Jilkina, G. Dai, R.
Deslauriers, E¡ects of ischemia on intracellular rubidium in
pig and rat hearts: 87Rb NMR imaging and spectroscopic
study, Magn. Reson. Med. 44 (2000) 193^200.
[34] J.A. Weiss, N. Venkatesh, Metabolic regulation of cardiac
ATP-sensitive K channels, Cardiovasc. Drugs Ther. 7
(1993) 499^505.
[35] D.A. Eisner, W.J. Lederer, The relationship between sodium
pump activity and twitch tension in cardiac Purkinje ¢bers,
J. Physiol. 303 (1980) 441^474.
[36] C.J. Cohen, H.A. Fozzard, S. Shey-Shing, Increase in intra-
cellular sodium ion activity during stimulation of mamma-
lian cardiac muscle, Circ. Res. 50 (1982) 651^662.
[37] E.S. Blesa, G.A. Langer, A.J. Brady, S.D. Serena, Potassium
exchange in rat ventricular myocardium: its relation to rate
of stimulation, Am. J. Physiol. 219 (1970) 747^754.
[38] V.V. Kupriyanov, V.E. Yushmanov, B. Xiang, R. Deslau-
riers, Kinetics of ATP-sensitive K channels in isolated rat
hearts assessed by 87Rb NMR spectroscopy, NMR Biomed.
11 (1998) 131^140.
[39] E. Coraboeuf, E. Deroubaix, J. Hoerter, Control of ionic
permeabilities in normal and ischemic heart, Circ. Res. 38
(suppl 1) (1976) I92^I98.
[40] A.A.M. Wilde, A.G. Kleber, The combined e¡ects of hyp-
oxia, high K, and acidosis on the intracellular Na activity
and resting potential in guinea pig papillary muscle, Circ.
Res. 58 (1986) 249^256.
[41] L.C. Stewart, R. Deslauriers, V.V. Kupriyanov, Relation-
ships between cytosolic [ATP], [ATP]/[ADP] and ionic £uxes
in the perfused rat heart: a 31P, 23Na and 31P NMR study,
J. Mol. Cell. Cardiol. 26 (1994) 1377^1392.
[42] R.M. Lynch, R.J. Paul, Functional compartmentation of
carbohydrate metabolism, in: D.P. Jones (Ed.), Microcom-
partmentation, CRC Press, Boca Raton, FL, pp. 17^35.
[43] R. Grosse, E. Spitzer, V.V. Kupriyanov, V.A. Saks, K.R.H.
BBADIS 62071 18-12-01
V.V. Kupriyanov et al. / Biochimica et Biophysica Acta 1586 (2002) 57^70 69
Repke, Coordinated interplay between (Na,K)-ATPase
and creatine phosphokinase optimizes (Na,K)-antiport
across the membrane of vesicles formed from plasma mem-
brane of cardiac muscle cells, Biochim. Biophys. Acta 603
(1980) 142^156.
[44] Y. Hasin, W.H. Barry, Myocardial metabolic inhibition and
membrane potential, contraction and K uptake, Am.
J. Physiol. 247 (1984) H322^H329.
[45] M. Charron, J.A. Parker, Quantitative thallium imaging,
Crit. Rev. Diagn. Imaging 29 (1989) 409^433.
BBADIS 62071 18-12-01
V.V. Kupriyanov et al. / Biochimica et Biophysica Acta 1586 (2002) 57^7070
